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a b s t r a c t 
Ever growing applications of flax fiber-reinforced composites (FFRCs) and their suitability for structural uses 
involve implementing the design and failure criteria for these composites. Translaminar fracture is one of the 
primary failure modes of unidirectional (UD) fiber-reinforced composites, and measuring it is essential for design 
purposes and in many material failure studies. However, the translaminar fracture parameters have not been 
evaluated for UD-FFRCs; thus, there is no data available in the literature. Moreover, conventional test methods 
for this failure mode are complex, and there is no standard method for measuring this value in compression. In 
this study, the translaminar fracture behavior of a UD flax/epoxy composite has been examined, and its fracture 
toughness in tension and compression in the fiber direction are determined following existing standard meth- 
ods as well as using a methodology developed using infrared thermography. Compact tension specimens were 
adapted and used for this purpose. A fractographic study is conducted to examine the fracture surfaces and better 
understand the failure mechanisms. For tensile tests, the results of infrared thermography are in good agreement 
with those of ASTM E1922 and lie in the range of values obtained for similar composites in the literature. 
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h. Introduction 
Over the last two decades, the need for materials with enhanced
roperties, lower cost, and improved sustainability has rendered natural
cellulosic) fiber-reinforced polymer composites (NFRPCs) an attractive
lternative to their synthetic glass fiber (GFRP) counterpart in struc-
ural and non-structural applications [1–4] . Among natural plant fibers
NFs), flax is considered one of the most promising for polymer compos-
tes due to its unique properties [4–6] . Using continuous unidirectional
UD) and optimally configured reinforcements in NFRPCs is crucial to
aximizing their load-carrying performance [7–9] . Therefore, UD flax
ber-reinforced composites (FFRPCs) are of prominent importance for
he industry. In addition to strength and stiffness, fracture toughness
s an essential property of fiber-reinforced polymer composites (FRPCs)
or most engineering applications [10–12] . Nowadays, the engineering
esire for an optimized, efficient, sustainable, cost-effective, and dam-
ge tolerant product design in conjunction with the ever-growing appli-
ations of FFRPCs necessitate characterizing the fracture toughness of∗ Corresponding authors. 
E-mail addresses: yousef.saadati.1@ens.etsmtl.ca , yousef.saadati.1@gmail.com (Y
ouvet), jean-francois.chatelain@etsmtl.ca (J.-F. Chatelain), yves.beauchamp@mcgil
ttps://doi.org/10.1016/j.jcomc.2020.100008 hese composites. The fracture toughness associated with translaminar
ailure mode (denoted by G IC , when expressed in terms of energy and by
 IC when expressed in terms of stress intensity factor) is one of the pri-
ary mechanical properties of the fiber-reinforced composites (FRCs).
his is particularly true when using the finite element method (FEM) to
imulate specific material damages occurring in composite laminates,
ike fiber failure, matrix breaking, and delamination [13–17] . The FEM
pproach requires different fracture energies as input variables, and the
racture toughness in different directions and their corresponding evalu-
tion methods are prerequisites for the FEM simulation of FFRPCs. While
he significance of translaminar fracture toughness (TFT) measurement
as recognized since the late ’70s, it has attracted little interest [18] .
his is because FRCs were not used in primary structures, where this
roperty is mostly required. At the same time, the advanced numerical
imulation methods referring to this property were not yet developed
18] . The situation is now different as FRCs are used in structures, and
EM is a commonly used numerical method. With the growing appli-
ation of NFRPCs, their TFT is expected to play an essential role in the. Saadati), gilbert.lebrun@uqtr.ca (G. Lebrun), christophe.bouvet@isae.fr (C. 
l.ca (Y. Beauchamp). 
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Fig. 1. The ECT configuration (a), test speci- 
men (b), load application configuration (c), and 
notch (d). (Dimensions in mm). 
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m  uture. Currently, it is required in many research fields, such as the ma-
hining of composite materials, where numerical models based on FEM
re involving. 
In the literature, measuring the translaminar fracture toughness of
FRPCs is limited to a few studies that are all conducted only in ten-
ion. Hughes et al. [11] studied the TFT of some chopped NFRPCs and
ompared them to that of a glass fiber mat composite. The G IC value
f GFRP was three-fold higher than those of NFRPCs. They concluded
hat different micro-structural toughening mechanisms were activated
n the NFRPCs compared to GFRP. Silva et al. [19] reported an in ten-
ion G IC = 11.8 kJ/m 2 for woven sisal/polyurethane (PU) composite.
hey observed that G IC increased with fiber volume fraction ( V f ) and
as impaired with the alkaline treatment of the fibers. Liu and Hughes
12] investigated the effects of textile yarn linear density, weave con-
guration, and stacking sequence on G IC of woven FFRECs. They mea-
ured the K IC of anisotropic woven-flax/epoxy composites following BS
448 standard. According to their findings, the fracture behavior and
 IC are strongly dependent on the linear density of yarns and the di-
ection of the test but is independent of the weave type. The authors
eported K IC values in the range of 3–8.5 MPa m 
1/2 for the compos-
tes and concluded that the fracture toughness is more dominated by
he fiber properties and V f rather than the reinforcement configuration.
ollowing ASTM D5045, Li et al. [20] studied the fiber surface treat-
ent effect on fracture properties of textile-sisal/vinyl-ester composite.
hey obtained K IC = 4.2 MPa m 1/2 for the untreated fiber composite,
hich increased to 5.5 and 6.0 MPa m 1/2 , respectively, with Silane and
MnO 4 fiber treatments. Ismail et al. [21] reported values of K IC ≈ 8.5
nd K IC ≈ 4.5 MPa m 1/2 , respectively for UD-twisted yarn and cross-
ly woven kenaf/polyester composites tested based on ASTM D5045.
hizyuka and Kanyanga [22] investigated the effects of hydrothermal
ging and moisture absorption on the K IC of sisal/polyester compos-
tes. They followed the ASTM E1922 procedure to evaluate the K IC of
he composites and obtained K IC ≈ 6.25 MPa m 1/2 . The fractographic
tudy revealed that the reduction of K IC after moisture absorption was
ainly due to fiber/matrix debonding, which was the dominant frac-o  ure mechanism in the composite. Manjunath et al. [23] followed ASTM
1922 and investigated the K IC of jute fabric reinforced epoxy compos-
tes. However, the criteria of the standard were not carefully respected,
nd there is a mismatch between their reported test data and the re-
orted K IC values. Their result is also one order of magnitude higher
han that of Ashik et al. [24] , K IC = 7.71 MPa m 1/2 , for an analogous
aterial. 
.1. Translaminar fracture toughness in tension 
The ASTM E1922 standard [25] suggests the extended compact ten-
ion (ECT) specimen for measuring the tensile TFT of FRCs. ECT, Fig. 1 ,
s an extended configuration of the compact tension (CT) specimen,
ig. 2 (a), which was developed to overcome undesirable failure modes
uch as crack growth perpendicular to the pre-notch [26 , 27] . ASTM
1922 was developed and adapted to measure the fracture toughness
f FRCs in tension, while a number of studies have used CT specimens,
long with ASTM E399, D5045, or other methods [28–33] . Without
entioning any particular reason, several researchers tested cross-ply
aminates and utilized a rule-of-mixtures type approach to measure the
racture toughness of UD-FRCs [18] . Jose et al. [17] evaluated the tensile
FT of a carbon/epoxy cross-ply laminate [0/90] 15 as well as its con-
tituent UD laminates, [0] 30 and [90] 30 . They presented an analytical
elationship between the K IC of the laminate and those of its constituent
D sub-laminates. However, some of their specimens failed improperly,
nd their derived equation seems to have inconsistent dimensions. Pinho
t al. [28] used a similar approach to determine the G IC associated with
he tensile and compressive failure of UD carbon/epoxy laminates using
 cross-ply [0/90] 8S laminate. They used CT and CC specimens with the
imensions and fiber direction shown respectively in Fig. 2 (a) and (b)
nd followed the ASTM E399 procedure. However, they regenerated a
nite-width correction factor based on FEM to replace the one defined
n ASTM E399 for isotropic materials. The authors assumed: (i) that the
ode-I critical energy release rate of the cross-ply laminate is the sum
f energies associated with the fiber fracture in the 0° layers and matrix
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Fig. 2. The CT (a) and CC (c) configurations and CT (b) and 
CC (d) test specimens (Dimensions in mm). 
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t  racking in the 90° layers (they thus neglected other damage modes and
nteraction between neighboring layers) and (ii) that the matrix cracking
n the 90° layers occurred as a single crack parallel to the notch (similar
o delamination mode-I). With this last assumption, the critical energy
elease rate in tension is quantitatively equivalent to that of mode-I de-
amination. This assumption seems reasonable, as the 0° layers are much
ougher than the 90° layers, and is found to be a good approximation
ased on their findings in a previous work [34] . For the particular cross-
ly lay-up studied, they derived an equation used to calculate the G IC for
he UD laminate. Later on, Laffan et al. [32] used the following general-
zed form of the derived equation (with the same assumptions) to study
he lay-up effects on the fracture toughness of carbon/epoxy composites
n tensile fiber failure mode; 
 
0 
𝐼𝐶 
= 
𝑡 𝑙𝑎𝑚 
𝑡 0 
𝐺 𝑙𝑎𝑚 
𝐼𝐶 
− 
𝑡 90 
𝑡 0 
𝐺 90 
𝐼𝐶 
(1)
here t lam , t 0 and t 90 are the thicknesses of the laminate, 0° and 90°
ayers within the laminate, respectively. 𝐺 0 
𝐼𝐶 
is the fracture energy as-
ociated with the fiber tensile failure mode, and 𝐺 90 
𝐼𝐶 
represents the in-
ralaminar mode-I matrix cracking fracture energy. In another study,
affan et al. [35] observed that there was no interaction between the
ailure modes occurring in the 0° and 90° plies. This result confirms their
pproach. Nevertheless, it has been shown that the lay-up in the cross-
ly laminates can affect the G IC measured for the 0° plies [18 , 32 , 36 , 37] .
onadon et al. [38] followed the same approach to calculate the fracture
nergy in woven cross-ply laminates along with a numerical method.
he agreement of the experimental and numerical results confirmed the
alidity of this approach. 
.2. Translaminar fracture toughness in compression 
By contrast to TFT in tension, there is no standard test method avail-
ble to evaluate the fracture toughness of FRCs in compression. In a few
orks [28 , 30] , modified CT specimens are used in compression with theest coupon renamed compact compression (CC). Pinho et al. [28] used
he same approach explained in the previous section for determining
FT in compression of UD laminates. They used CC specimens with the
onfiguration shown in Fig. 2 (c) and (d) and followed the ASTM E399
rocedure. They made the same assumptions considering that in com-
ression loading, the matrix cracking in the 90° layers is close to what
appens in delamination mode-II. Thus, the critical energy release rate
n compression is quantitatively equivalent to that of mode-II delamina-
ion. They used Eq. (2) to calculate the G IC for the UD laminate in the
ber direction; 
 𝐼𝐶 |𝑓𝑖𝑏𝑒𝑟 𝑘𝑖𝑛𝑘𝑖𝑛𝑔 = 2 𝐺 𝐼𝐶 |𝑙𝑎𝑚 𝑐𝑜𝑚𝑝 − 𝐺 𝐼 𝐼 𝐶 |𝑚𝑎𝑡𝑟𝑖𝑥 𝑖𝑛𝑡𝑟𝑎 (2)
here G IC | lam comp is the critical energy release rate of the laminate, as
easured by a CC test, G IIC | matrix intra is the mode-II matrix failure in-
ralaminar fracture energy, and G IC | fiber kinking is the fracture energy as-
ociated with fiber-kinking failure mode. Overall, there is a significant
ifference between the fracture toughness values reported by the au-
hors using different approaches to measure compressive TFT [18 , 33] .
erhaps this indicates that conventional mechanical tests are not suit-
ble for this purpose. The compressive fiber failure mode in laminated
omposites is known as a very complex phenomenon, which is the re-
ult of fibers micro-buckling and formation of kink-bands or crushing
28 , 39 , 40] . So, and unlike tension, the authors observed large damage
ones. Therefore, to measure the pure TFT in compression, the damage
echanisms should be separated. 
.3. Infrared thermography/Translaminar fracture toughness measurement 
In the past two decades, infrared thermography (IRT) has been
roadly used to investigate the energy-dissipative processes in materi-
ls, for example, plastic deformation in metals [41] or damage in poly-
eric materials [42] . For composite materials, Naderi et al. [43] used
RT to characterize the damage evolution in fatigue loading. They found
hat the results were consistent with those obtained by acoustic emis-
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Table 1 
Configuration and applications of flax/epoxy laminates 
Plate Application Test Specimen type Layup Fiber surface density (g/m 2 ) Volume fraction (%) Thickness (mm) 
1 E1922 ECT [0] 12 200 41 4.04 
2 IRT CT and CC [(0/90) 4 /0] s 200 41 6.06 
3 E1922 ECT [(90/0) 4 /90] s 200 41 6.06 
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l  ion, while Lisle et al. [44 , 45] used it to study damage development in
abric-glass/epoxy composites. The relation between fracture toughness
nd dissipative work has already been proved [46] , and depending on
he material, the ratio of the dissipative work converted into thermal
nergy can vary between 10 and 100% [47 , 48] . Lisle et al. [49] showed
hat for a carbon/epoxy composite, the ratio of dissipative work con-
erted to heat should be close to 100%, but for metallic materials, this
atio is usually lower. The authors used the IRT to measure the fracture
oughness of the GFRP in tension [45] and that of the UD-carbon fiber-
einforced polymer (CFRP) composite in compression [49 , 50] . IRT made
t possible to separately assess the dissipated energy due to fiber failure
n compression and eliminate those associated with material crushing at
oading points or secondary cracks. They obtained a value of G IC = 42.5
/mm in compression and found their results consistent with those of
ongkarnjanakul et al. [51] (40 N/mm) and other researchers [28 , 39] .
here is no previous research using this approach to address NFRPCs. 
In summary, no standard test methods have been developed for mea-
uring G IC of NFRPCs and of FRCs in compression, and a very limited
umber of studies have addressed these topics, while all NFRPCs have
een tested in tension. These are essential properties for engineering de-
ign purposes and the modeling of these materials with numerical meth-
ds, such as FEM. Moreover and to our knowledge, no fractographic
nd micrographic analysis of this subject have been performed for UD-
ax fiber-reinforced epoxy composites (FFRECs). The work presented
n this study aims at evaluating the fracture energy associated with the
ranslaminar failure of the UD-FFRECs, using two methodologies, along
ith an investigation of the fracture behavior and viability of the stan-
ard test procedures for FFRECs considering that these procedures are
sed for synthetic (glass or carbon) FRCs. In the first method, the com-
osite was tested according to the existing ASTM E1922 standard. The
ranslaminar fracture was studied, and the G IC value in tension for crack
ropagating perpendicular to fibers was determined and validated. In
he second method, employing the IRT-based methodology developed
nd implemented for this purpose by Lisle et al. [45 , 49 , 50] as well as
STM D5045 standard, G IC of UD-FFRECs in tension and compression
as determined, and the material behavior was assessed. 
. Material system and test specimens 
Unidirectional flax fibers, FLAXTAPE TM 200 (from LINEO – France),
ith a width of 400 mm and surface density of 200 g/m 2 , were used
o reinforce Marine 820 Epoxy System, mixed with 18 wt% Marine 824
ardener (from ADTECH® Plastic Systems), to prepare the UD-FFREC
aminates. The composite laminates were molded using the RTM pro-
ess. The layers of flax fibers were stacked up according to the required
umber of layers and orientation of fibers. 300 mm × 300 mm compos-
te plates were molded, starting with [0] 12 and [(0/90) 4 /0] s laminates,
espectively for ECT and CT/CC specimens; then, a third configuration,
(90/0) 4 /90] s , has been used to improve the translaminar crack propa-
ation for ECT specimens, as detailed in Table 1 . 
The number of layers and thickness of laminates were precisely cal-
ulated, according to the ASTM D3171 procedure, and controlled with
pacers during molding to result in a constant V f = 41% for all composite
lates while attaining the required thickness for the test specimens. 
ECT specimens were prepared according to ASTM E1922 for evaluat-
ng the TFT in tension. Fig. 1 shows the configuration and photograph of
 typical specimen. The CT and CC specimens used for TFT measurementn combination with IRT were prepared according to in-plane dimen-
ions specified in Pinho et al. study [28] . The configurations and pho-
ographs of typical specimens are shown in Fig. 2 . The same type of CT
pecimen was also used in [31 , 32 , 35] . Pujols Gonzalez et al. [52] used
T and CC specimens to evaluate in tension and compression TFT of
FRP composites using IRT-based methodology, respectively. A similar
ethodology is adapted and employed in this study. Rectangular speci-
ens were cut by a 10-inch/90-tooth, DIABLO’s cutting saw blade, with
igh-density carbide tooltips. Then, the loading-pin holes were drilled
ith the help of sacrificed plates to avoid damages to the specimens. A
rotostar® mini corner radius solid carbide shoulder/slot milling cutter
Protostar®-Walter tools) was used to cut the notch in ECT specimens.
s can be seen in Fig. 1 (d), despite the low machinability of NFRPCs in
erms of surface quality, a very neat notch is cut without damaging the
omposite. The 4 mm-notch on the CT and CC specimens were cut using
 milling cutter; the notch mouth on the CC was widened, and the final
otch (pre-crack) on CT was cut using a wire saw. Two clevises were
lso designed and manufactured to eccentrically introduce the load to
he specimens ( Fig. 1 (c)). 
. Translaminar fracture tests and data reduction methods 
.1. Standard tension testing of ECT specimens 
ASTM E1922 standard involves tension testing of single-edge-
otch specimens to determine the tensile TFT of various carbon and
lass/polymer composites. However, it can be applied to other FRPCs,
rovided that the specimen dimensions and the test results satisfy the
equirements of the standard [25] . Following the guidelines of this stan-
ard and aiming at measuring the fracture toughness of the UD-FFRECs
n the current study, ECT specimens ( Fig. 1 (b)) were cut from the UD-
FREC laminate with a nominal thickness of 4 mm (plate 1 in Table 1 ).
ere, the low stiffness of the ECT specimens made it impossible to in-
tall the conventional extensometers, using knife edges, at the notch-
outh to measure the notch mouth opening displacement (NMOD). Al-
ernatively, a digital image correlation (DIC) setup, synchronized with
oad application, was used for this purpose, as shown in Fig. 3 (a). How-
ver, none of the five ECT specimens tested with such setup experi-
nced a self-similar (parallel to the pre-notch) crack growth and did
ot result in effective translaminar crack growth of concern in this test
ethod. Indeed, the crack propagated perpendicular to the notch and
n the fiber direction, which invalidated the tests, as shown in Fig. 3 (b).
o the authors’ knowledge, no ECT specimens of synthetic or natural
D-FRCs have been tested in the literature, the reported ECT tests are
ostly for natural/synthetic fabric or cross-ply reinforcement architec-
ures [18 , 22 , 23 , 53] , and a few were from pultruded composites [14] ;
herefore, no benchmark study was possible, and these experiments
ere unavoidable. 
To overcome this difficulty, cross-ply laminates were used to avoid
he large difference in strength between the longitudinal and transverse
irection of the test specimen, such that each 0° layer is backed by a 90°
ayer to inhibit crack propagation perpendicular to the notch, similar to
he approach in [28 , 32] . Eq. (1) is used to calculate the translaminar
racture energy of UD plies using that of a cross-ply laminate and the
ode I and Mode II interlaminar fracture energies of the UD laminate.
or this purpose, a second laminate was fabricated (plate 3 with the
amination sequence of [(90/0) 4 /90] s and nominal thickness of 6 mm),
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Fig. 3. Test setup with DIC used to measure NMOD (a) and 
failed ECT UD specimen (b). 
Fig. 4. ECT specimen; knife edges and installed extensometer 
(a) test setup (b), and failed sample (c). 
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Table 2 
Mechanical and thermal properties of UD-FFREC ply [56] 
Longitudinal elastic modulus, E 11 22.69 
∗ GPa 
Transverse elastic modulus, E 22 4.34 
∗ GPa 
Shear modulus, G 12 1.92 GPa 
Poisson’s ratio, 𝜐12 0.4 
∗ 
Density, 𝜌 1280 kg/m 3 
Specific heat, C 665 J/kg/K 
Thermal conductivity in normal (z) direction, k 33 0.115 W/m/K 
∗ Average of the values in tension and compression. 
Table 3 
Elastic properties of [(90/0) 4 /90] s laminate 
E xx (GPa) E yy (GPa) G xy (GPa) 𝜐xy 
14.74 12.68 1.92 0.14 
f
𝐺
w  
d  
m  
t  
U  
und ECT specimens ( Fig. 1 (a)) were cut and prepared. These thick and
tiff enough specimens made possible the installation of an extensome-
er to measure the mouth opening. Therefore, precisely machined knife
dges were bonded to the specimens’ edge on both sides of the notch
outh, Fig. 4 , and the extensometer MTS (632.02F-20) was installed
o measure the notch-mouth-opening displacement (NMOD). The tests
ere conducted with a 0.7 mm/min crosshead displacement rate on an
TS (858 Mini Bionix-II) machine, with a mounted 15 kN load-cell. The
est setup and specimen are shown in Fig. 4 (a) and (b). The tests contin-
ed until the applied force dropped to a magnitude of less than 50% of
he peak load. The specimen exhibited a translaminar self-similar crack
rowth, as expected, Fig. 4 (c). 
Data reduction was performed according to ASTM E1922, and the
FT was calculated through the stress intensity factor approach, as; 
 𝐼𝑐 = 
[ 
𝑃 𝑚𝑎𝑥 
𝐵 𝑊 1∕2 
] 
𝛼1∕2 [ 1 . 4 + 𝛼] 
[
3 . 97 − 10 . 88 𝛼 + 26 . 25 𝛼2 − 38 . 9 𝛼3 + 30 . 15 𝛼4 − 9 . 27 𝛼5 
]
[ 1 − 𝛼] 3∕2 
(3) 
here K Ic is the critical stress intensity factor (MPa m 
1/2 ), P max is the
aximum applied or fracture load (MN), 𝛼 = 𝑎 ∕ 𝑊 is a dimensionless
arameter, while a is the notch length, B is specimen thickness, and W
s specimen width ( a, B and W are in meter). According to the standard,
 Ic provides a valid measure of TFT, when the damage zone is rela-
ively small. This criterion is defined based on NMOD values at maxi-
um load as ΔV n / V n − 0 ≤ 0.3, for ΔV n and V n − 0 shown in Fig. 6 . For
rthotropic plates under plane stress (with a pre-crack subjected to in-
lane loading), the fracture energy G can be calculated from K asIC Ic ollow [17 , 28 , 39 , 54 , 55] 
 
𝑙𝑎𝑚 
𝐼𝑐 
= 
𝐾 2 
𝐼𝑐 √
2 𝐸 𝑥𝑥 𝐸 𝑦𝑦 
[ ( 
𝐸 𝑥𝑥 
𝐸 𝑦𝑦 
) 1∕2 
+ 
𝐸 𝑥𝑥 
2 𝐺 𝑥𝑦 
− 𝜐𝑥𝑦 
] 1∕2 
(4) 
here E xx , E yy are the laminate elastic moduli respectively in the x and y
irections (shown in Figs. 1 (a), 2 (a), and (c)), G xy is the laminate shear
odulus, and 𝜐𝑥𝑦 is the Poisson’s ratio. For the [(90/0) 4 /90] s laminate,
hese properties, presented in Table 3 , are calculated from those of the
D laminate given in Table 2 , published in a previous work [56] , by
sing the classical laminate theory [57] . 
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Fig. 5. Experimental setup for IRT methodology (a), test specimen and thermal investigation area for CT (b) and CC (c). 
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c  .2. Infrared thermography method 
In order to overcome the problems experienced with experimental
ethods used to study the translaminar fracture of composite materials,
t was proposed to develop an approach allowing estimating the rate
f energy release via the temperature measurement in [43 , 45 , 49 , 50] .
haracterizing the fracture energy utilizing IRT is an idea conceptual-
zed based on the principles of irreversible thermodynamics and thermo-
echanical laws. The complete details of the methodology, including all
ssumptions made and their validity, are well described in 45 , 49 , 50] for
valuating the tensile and compressive fracture energy of FRCs, and the
eader should refer to these documents for more details. 
Having the dissipated energy evaluated with IRT, the fracture
nergy, G IC , can be determined using Eq. (5) [45 , 49] . 
 𝐼𝐶 = 
𝑑 𝑊 𝑖𝑟𝑟𝑒𝑣 
𝑑𝐴 
= 
𝑑 𝑊 𝑑𝑖𝑠𝑠 
𝛽.𝑑𝐴 
(5)
here dW irrev denotes the total irreversible energy, dW diss is the energy
issipated as heat, dA is the crack surface growth and 𝛽 = 𝑑 𝑊 𝑑𝑖𝑠𝑠 
𝑑 𝑊 𝑖𝑟𝑟𝑒𝑣 
is the
aylor–Quinney coefficient (0 ≤ 𝛽 ≤ 1). 
Some studies of metallic materials reported 𝛽 ≈ 1 for Ta [47 , 49]
nd 0.5 ≤ 𝛽 ≤ 1 for stainless steel, depending on the applied strain rate
49] . However, allocating value for this ratio remains a delicate issue in
his study, because, no values are available for the flax/epoxy compos-
te under study. Furthermore, the magnitude of the coefficient is strain
nd strain-rate dependent [45 , 48 , 49] . Li and Lambros [48] investigated
MMA and PC polymers in terms of the value of 𝛽 and its sensitivity
o strain and strain-rate. The authors found it impossible to measure 𝛽
or PMMA; however, they reported values between 50% for high strain
nd 100% for low strain, independent of the strain-rate in the ranges
f the investigation. Considering the available 𝛽 values for polymers in
he literature, values of 𝛽 = 0.5 and 𝛽 = 0.9 were chosen for this study.
he results are then compared to those obtained from the ASTM E1922
tandard test method to evaluate the validity of the assumptions. 
In this study, the 3D thermal analysis methodology developed in
45 , 49] is utilized to evaluate the heat sources in the composite using
he thermal properties in Table 2 , from which the dissipated energy and
hen, using Eq. (5) , the critical energy release rate or fracture energy G IC 
s calculated. For this purpose, the adapted CT and CC specimens from
28] , shown in Fig. 2 , were cut from [(0/90) 4 /0] s laminate (Plate 2 in
able 1 ) and mechanically loaded in tension and compression respec-
ively. CT tests were conducted following ASTM D5045 standard, and
C tests were performed with the same procedure with a compression
oading. The temperature change at the surface of the specimen (outer-
ost 0°-ply of the [(0/90) 4 /0] s laminate) was simultaneously recorded
nd synchronized with the load and displacement data. The test setup is
hown in Fig. 5 (a). It can be noticed that for the CC tests, the grip of the
achine was only put on the axis of load introduction in order to have aarger filmed area ( Fig. 5 (c)). The translaminar fracture tests were car-
ied out on an electromechanical traction machine (INSTRON 100kN)
t ambient temperature ( ≈25°C) and a constant displacement rate of 2
m/min. The thermal data of the specimen surface was recorded at a
requency of 50 Hz using an infrared camera (FLIR SC7000) with a res-
lution of 320 × 256 pixels, and a thermal resolution of 0.025 K for
emperature variation measurement. The spatial resolution (pixel size)
etermined by the focal distance is set at 0.264 mm. The target surface
f the specimen was painted black in order to maximize the emissivity
oefficient, and then the value is supposed to equal 1 for data treatment.
s expected, for CT specimens, the through-the-thickness crack propa-
ated parallel to the 90° fibers by breaking the fibers in the 0° layers
nd created almost a planar fracture path, Fig. 5 (a). The fracture path
t the edge of the specimen opposite to the notched side shows that the
rack path is almost planar. 
. Results and discussion 
.1. Standard tension testing of ECT specimens 
A typical load vs. NMOD curve of a cross-ply ([(90/0) 4 /90] s ) ECT
pecimen is shown in Fig. 6 . From this curve, it can be observed that
he composite exhibits a linear behavior ( R 2 = 0.997) up to around 80%
f the maximum load. Subsequently, upon initiating the damage zone
head of the notch tip, a gradual deviation from linearity appears and
ontinues up to the peak load. After reaching the peak value, the load
ecreases slowly with no sudden drops, meaning that a stable translam-
nar fracture occurs and propagates, consistent with the observations
uring the test. Similar behavior was observed for woven-flax/epoxy
omposites tested using CC specimens [12] , woven-sisal/polyester com-
osites tested using ECT [22] , and woven-sisal/PU composites tested
y CT specimens [19] . On a macroscopic scale, the wake of self-similar
rack can be seen on a failed specimen in Fig. 4 (c), satisfying the re-
uirement of the ASTM E1922 concerning effective translaminar crack
rowth. As shown for the typical specimen in Fig. 6 , the additional
MOD during fracture, ΔV n , fulfills the criterion of ASTM E1922, in
his case with ΔV n / V n − 0 = 0.18 ≤ 0.3, and validates the translaminar
racture toughness ( K IC ) obtained using Eq. (3) for all the tests. 
Substituting the 𝛼 parameter value in Eq. (3) and using the maximum
oad, the K IC of the cross-ply specimens ([(90/0) 4 /90] s ) was computed,
nd the results are summarized in Table 4 . The fracture energy ( 𝐺 𝑙𝑎𝑚 
𝐼𝐶 
)
as subsequently obtained from the data in Table 3 and Eq. (4) and is
lso presented in Table 4 . As discussed earlier, Eq. (1) is used to calculate
he fracture energy of the 0° sub-laminates ( 𝐺 0 
𝐼𝐶 
) where 𝐺 90 
𝐼𝐶 
is assumed
o be equivalent in magnitude to the mode-I interlaminar fracture energy
f the UD-FFREC, 𝐺 𝑑𝑒𝑙𝑎𝑚 
𝐼𝐶 
, which was evaluated in a separate study as
 
𝑑𝑒𝑙𝑎𝑚 
𝐼𝐶 
= 0 . 691 kJ/m 2 [58] . Accordingly, t 0 and t 90 were obtained by
onsidering they are proportional to the number of the corresponding
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Fig. 6. Load vs. Notch-mouth-opening displacement (NMOD) curve. 
Table 4 
Fracture toughness and fracture energy of UD-FFREC 
𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 𝐺 𝑙𝑎𝑚 
𝐼𝐶 
(kJ/m 2 ) 𝐾 0 
𝐼𝐶 
(MPa m 1/2 ) 𝐺 0 
𝐼𝐶 
(kJ/m 2 ) 
Mean 8.07 7.37 14.27 15.71 
STD 0.30 0.55 0.57 1.23 
C.O.V. (%) 3.78 7.41 3.99 7.82 
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fi  lies in the laminate, i.e., 8 and 10 plies. For comparison purposes with
he literature data, 𝐾 0 
𝐼𝐶 
of the UD-FFREC laminate was calculated back
rom 𝐺 0 
𝐼𝐶 
and its elastic properties (given in Table 2 ) using Eq. (4) . The
esults are presented in Table 4 . 
It is difficult to compare these results with the literature considering
he very limited works published on the measurement of TFT in NFR-
Cs, particularly FFRECs. Nevertheless, the value obtained for 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
is
n excellent agreement with the results published by Liu et al. [12] for
oven-flax/epoxy CT tests, shown in Table 5 . They published 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
val-
es in the range of 3 to 8.5 MPa m 1/2 , albeit at lower V f (from 31% to
5%), that covers the obtained value in this study. The 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
= 7.2 MPa
 
1/2 mentioned in Table 5 , with the reinforcement configuration most
onsistent with the cross-ply laminate tested in this present study but
or a fabric instead of UD reinforcement in the present study, should
e compared to the value of 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
in Table 4 . Overall, their results are
onsistent with the findings of the present study, considering the V f and
ifferent ply architecture, and these two studies confirm each other.
 IC = 7.71 MPa m 1/2 reported by Ashik et al. [24] for 50/50 wt%
oven-jute/epoxy composite ( Table 5 ) is also in the range of the ob-
ained results. The higher fiber content, but lower strength of jute fibers
ould have balanced the toughness to be consistent with the result of the
resent work [3 , 11 , 59] . Chizyuka and Kanyanga [22] obtained K IC = 6.5
Pa m 1/2 for fabric-sisal/polyester composites with V f between 50% to
5% ( Table 5 ). The lower K IC of this composite can be attributed to the
ower tensile strength of sisal fibers compared to flax fibers [3 , 11 , 59] .
n the other hand, Silva et al. [19] reported G IC ≈ 11.5 and G IC ≈
 kJ/m 2 respectively for a fabric and short fiber sisal/PU composite with
 f ≈ 0.30 ( Table 5 ). The G IC of short fiber sisal/PU composite is in the
ange of our results, but that of sisal-fabric is much higher. Due to re-
orting the toughness of sisal-fabric/PU in the form of G IC , it cannot be
ompared with those of similar materials; fabric-sisal/polyester compos-
te reported in [22] and textile sisal/vinyl-ester reported in [20] , both
ndicated by K IC , see Table 5 . The authors attributed the high perfor-
ance of fabric-reinforced PU to the better compatibility between NFsnd natural resins and to the structure of the reinforcement. Li et al.
20] reported a K IC = 4.2 MPa m 1/2 for a textile sisal/vinyl ester com-
osite at V f ≈ 0.32, which increased to 6 MPa m 1/2 after applying a
ber surface treatment. Hughes et al. [11] measured K IC = 5.04 and
 IC = 5.62 MPa m 1/2 respectively for jute and hemp non-woven felt re-
nforced polyester, Table 5 . The reported K IC ≈ 8.5 MPa m 1/2 by Ismail
t al. [21] for UD twisted-kenaf-yarn/polyester composites is also con-
istent with the values determined in this research, Table 5 . Considering
he reasonable variability of the results and after comparing them to the
vailable literature data, it can be concluded that the measured values
re a realistic representation of the fracture toughness and fracture en-
rgy of the FFREC. 
.2. Fractography of the ECT specimens 
The fracture paths of ECT specimens when the load dropped to about
.2P max , are shown in Figs. 4 (c) and 7 (a). The failed specimen is not sep-
rated into two parts to expose the fracture surface, so it is difficult to
xamine the fracture in terms of failure mechanisms. On the other hand,
eparating the two parts of the specimen would alter the rupture faces.
evertheless, to perform a microstructural study and explore the frac-
ure mechanisms, one of the specimens was loaded up to full separation
o expose the fracture surface near the notch tip. 
The micrographs are shown in Fig. 7 (a) and (b). At the surface ply,
hich is a 90° ply oriented parallel to the notch, matrix cracking and
plitting of the ply has occurred, and then, with crack growth, fiber-
atrix debonding and fiber bridging have developed. In addition, the
rack emanated from the corner of the notch and propagated in a self-
imilar manner. For further analysis of the failure mechanisms, the frac-
ure surface is investigated from three viewing directions, as indicated
n Fig. 8 (a). The normal view of the fracture surface, Fig. 8 (b), clearly
hows the 0° and 90° layers. Fiber-matrix debonding and matrix crack-
ng can be observed in the 90° plies, while fiber fracture occurred in
he 0° plies. The side view in Fig. 8 (c) shows a huge fiber pull-out, fiber
undle fracture, and fiber bundle splintering. These phenomena are ac-
epted as the dominant failure modes contributing to fracture toughness
n composites [19 , 28 , 32 , 35] . The high volume of fiber pull-out is an in-
ication of the poor fiber-matrix adhesion (due to poor compatibility of
ydrophilic NFs towards the hydrophobic polymer matrix), resulting in
eak interfaces that have been observed several works [11 , 20 , 56 , 60] .
lthough fiber pull-out is a mechanism that accounts for significant en-
rgy absorption in FRCs [11] , poor fiber-matrix adhesion along with
ber slippage inside the flax bundle after fiber fracture could ease the
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Table 5 
Literature data for fracture toughness of NFRPCs 
𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 𝐺 𝑙𝑎𝑚 
𝐼𝐶 
(kJ/m 2 ) 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 𝐾 𝑙𝑎𝑚 
𝐼𝐶 
(MPa m 1/2 ) 
Ref. [12] [24] [22] [19] [20] [11] [21] 
Material system Woven flax/epoxy Woven jute/epoxy Fabric 
sisal/polyester 
Fabric and short 
fiber sisal/PU 
Fabric sisal/vinyl 
ester 
Jute and hemp 
mat/polyester 
Woven 
kenaf/polyester 
Fiber content V f = 0.31–0.35 50 wt% V f = 0.50–0.55 V f ≈ 0.30 V f ≈ 0.32 V f ≈ 0.41 No available 
Toughness (3–8.5) 
7.2 ( V f ≈ 0.33) 
7.71 6.5 11.5 and 7 4.2–6 5.04 and 5.62 8.5 
Fig. 7. Fracture path of cross-ply ECT specimen; (a) whole crack 
growth after failure, (b) fiber bridging. 
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F  ber pull-out without a corresponding large energy absorption. This ef-
ect will cause fiber pull-out to share a smaller contribution to fracture
oughness. There is no information in the literature about the fracture
oughness of flax fibers; however, these might be some reasons why
FREC is offering lower TFT compared to engineered FRCs. The top
iew, Fig. 8 (d), reveals the depth of the pulled-out fibers and the severity
f this phenomenon. 
.3. Infrared thermography method 
Subjecting six CT to tensile load and seven CC specimens to compres-
ion load, the translaminar fracture tests were conducted according to
he method described above. Typical temperature variation fields mea-
ured using IRT associated with the crack propagation are presented in
ig. 9 . The temperature increase observed during crack propagation is
learly higher for the CT specimens than for the CC ones: increasing of
bout 5 °C for CT and less than 2 °C for CC. This result confirms the
sual conclusion that the fracture toughness of translaminar failure is
igher in tension than in compression [28 , 30 , 33 , 35] . Moreover, the ex-
ent of warming over the coupon is larger for compression; this means
he phenomenon of compressive failure creates a larger area of damage.
The corresponding load-displacement curves of CT and CC tests are
lotted in Fig. 10 (a) and (b), respectively. For all the CT and CC tests, the
rack propagation started about at maximum load. The CT specimens
xperienced a progressive propagation of crack during the load drop.
he two first CC tests, CC1 and CC2, had to be stopped at 6.5 mm of
isplacement due to a contact between the edges of the notch. Then the
ther CC tests were continued until 5.5 mm of displacement and the
ample unloaded until diminishing of the load. 
Finally, the intrinsic dissipation was evaluated using the IRT measure
or CT ( Fig. 10 (c)) and CC specimens ( Fig. 10 (d)). For the CT specimens,
he intrinsic dissipation is significant (value higher than 4 × 10 6 J/m 3 )
nd concentrated at the crack edges. In Fig. 10 (c), the edges of the sam-
le are also seen due to the movement of the sample during the test.vidently, the value of the intrinsic dissipation evaluated at the sam-
le edges should not be considered. For the CC specimens, the intrinsic
issipation is relatively low (a value lower than 0.5 × 10 6 J/m 3 ), and
he crack path is barely detectable. Moreover, due to the scale used in
ig. 10 (d), some measured noises are visible. As will be explained in the
wo subsequent sections, according to the literature data for synthetic
RCs, G IC in compression is lower than in tension. Therefore, knowing
hat the generated heat is proportional to G IC , it is logical to obtain lower
ntrinsic dissipation for CC specimens than for CT specimens. However,
or the authors, the obtained result for CC tests seems too low. Since
RT measures the temperature only at the surface, this might be due to
he delamination (observed in compression testing of FFREC [56] ) and
ossible buckling of the outer plies, which would hide a significant part
f the created heat. Hence, it will not be possible to evaluate the real
emperature inside the laminate. 
.4. Tension testing of CT specimens 
Globally, CT specimens exhibit a brittle behavior with a relatively
inear response up to almost the maximum load, which is followed by
 sudden and then continuous force drop, indicating consistent crack
rowth and stiffness reduction, as shown in Fig. 10 (a). These curves are
ery similar and are in good agreement with those reported in the litera-
ure for CT specimens of carbon/epoxy composites [28 , 31 , 32 , 35] , which
s as such an indication of the validity of the current tests. Therefore,
hey seem to have small enough damage zone to use the ASTM D5045
tandard, which is developed for isotropic plastic materials, to evaluate
he fracture toughness for comparison purposes. The fracture energy of
he UD laminate ( 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
) was calculated using the same approach applied
o ECT specimens, and the results are summarized in Table 6 . 
As shown in Fig. 9 , for CT specimens, the damage zone is minimal;
his was also observed by Pinho et al. [28] using C-Scan. The propa-
ation of the crack is perceivable from the thermal image exposed in
ig. 9 (a). As discussed above, considering the available values for 𝛽 of
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Fig. 8. Fracture surface of cross-ply ECT specimen; (a) definition of the viewing directions, (b) normal view to fracture surface, (c) normal view to specimen surface 
and (d) view parallel to the notch. 
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d  olymers in the literature, two cases were investigated; first assuming
= 0.5 and second, 𝛽 = 0.9. Data treatment in the selected zones was
erformed according to the developed and validated methodology in
45 , 49] . The obtained fracture energy value is presented in Table 6 . 
It can be seen that the value of 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
obtained by ASTM D5045, which
as developed for isotropic plastic materials, is much ( ≈49%) higher
han that determined by ASTM E1922, specially developed for FRCs.
he later was particularly developed and validated based on synthetic
RCs, though, according to the standard, it is applicable to other typesf FRPCs provided that the criteria are met. However, in this study, it
as applied to NFRPCs, which have a more complicated microstruc-
ure and may behave differently. This is because NFs are composite by
hemselves that normally come in bundles containing technical fibers
hat are composed of helically arranged microfibrils as the main force
arrying elements. Therefore, they exhibit more complex failure behav-
or with high variability in the material properties. The complex mi-
rostructure of the NFs will impose a complex fiber fracture leading to
ifferent mechanisms of energy absorption. Consequently, as a domi-
Y. Saadati, G. Lebrun and C. Bouvet et al. 
Fig. 9. Temperature variation field observed during the crack propagation of CT, (a) and CC, (b) specimens. 
Fig. 10. Load–displacement curves for the CT (a) and CC (b) specimens, and intrinsic heat measured by IRT for the CT (c) and CC (d) specimens. 
Table 6 
Fracture toughness and fracture energy of UD-FFREC evaluated by IRT and standard methods 
IRT ASTM standards 
𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
(kJ/m 2 ) 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
(kJ/m 2 ) 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
(kJ/m 2 ) 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
(kJ/m 2 ) 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
(kJ/m 2 ) 𝐺 𝐶𝑜𝑚𝑝 ( 𝐿𝑖𝑛𝑒𝑎𝑟 ) 
𝐼𝐶 
(kJ/m 2 ) 
𝛽 = 0.50 𝛽 = 0.90 𝛽 = 0.50 𝛽 = 0.90 
E1922 D5045 
Max Load Max Linear 
Mean 19.88 11.10 1.30 0.77 15.71 23.37 41.29 9.84 
STD 2.68 1.49 0.119 0.066 1.23 2.28 3.56 0.39 
COV (%) 13.48 13.42 9.15 8.57 7.82 9.76 8.62 4.00 
Y. Saadati, G. Lebrun and C. Bouvet et al. 
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t  ant failure mechanism, the complex fracture of NFs will influence the
racture toughness of the composite and may require a different deter-
ination method. 
Nevertheless, there is no standard test method developed for testing
FRPCs and no literature data available to validate the results. Con-
equently, for the time being, 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
determined by ASTM E1922 can be
onsidered as the most reliable tensile TFT value for the understudy
FRECs. This value is placed between the values obtained by IFT analy-
is for 𝛽 = 0.90 and 𝛽 = 0.50by ± 29% difference. Considering the high
ariability of material properties for NFs, these values could be consid-
red consistent with that of the standard method. In general, even the
ata available for synthetic FRPCs are scattered, for instance, CT tests
f a unique CFRP composite show more than 15% variation [30 , 35] .
owever, assuming the result of the standard method as the real value,
t may be concluded that the realistic value of 𝛽 for the understudy
ax/epoxy is between the margins (0.50 and 0.90) used for analysis, or,
echnically speaking, the ratio of dissipative work converted into heat
n this composite is between 50% and 90%. Considering that G IC is an
nverse linear function of 𝛽, this ratio for the composite can be calcu-
ated back from the result of the standard test ( 𝛽 = 0.69) and be used in
he future calculation of the fracture energy, for instance in compressive
ailure mode, presented in the following section. Consequently, having
 precise enough value for 𝛽, the employed method based on IRT can be
onfidently used to determine the fracture energy of the composites. 
Naturally, the failure modes in CT specimens are the same occurring
n ECT, as discussed in the previous section. 
.5. Compression testing of CC specimens 
The load-displacement response of the CC tests ( Fig. 10 (b)) is more
ifficult to interpret. As can be observed, CC specimens exhibited com-
lex, but similar behavior in compression loading. The similarity of the
urves indicates a good reproducibility and the certainty of the data
ecorded for the composites under study. The composite displays a lin-
ar behavior up to a displacement of about 1.2 mm (1500 N of loading),
here a clear slope reduction happens. After this point, a relatively lin-
ar response continues until a displacement of 3 mm followed by a non-
inear curve up to the maximum load. For all of the specimens, the visual
igns of failure occurred at the maximum load, and upon reaching this
oint, the load slowly dropped until the test was stopped. The load-
isplacement response of these CC specimens is more or less analogous
o that of carbon/epoxy CC specimens [28 , 30] ; however, flax/epoxy
omposite demonstrates much higher nonlinearity. The ASTM D5045
tandard was first employed to evaluate the fracture toughness in com-
ression of the cross-ply laminate using the maximum load. Then, the
racture energy of the UD laminate in compression ( 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
) was cal-
ulated following the aforementioned approach used by Pinho et al.
28] for CC specimens and assuming that 𝐺 90 
𝐼𝐶 
is equivalent in mag-
itude to the mode-II interlaminar fracture energy of the UD-FFREC,
 
𝑑𝑒𝑙𝑎𝑚 
𝐼 𝐼 𝐶 
, which was evaluated in a separate study as 𝐺 𝑑𝑒𝑙𝑎𝑚 
𝐼 𝐼 𝐶 
= 0 . 378 kJ/m 2 ,
he results are summarized in Table 6 . However, the result is unreason-
bly higher compared to 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
, whereas it is expected to be lower for
ompression testing [28 , 30 , 33 , 35] . This should be due to the nonlinear-
ty that corresponds to some damages or plasticity in the sample and
eans that an important part of the dissipated energy is not due to the
rack propagation but to other secondary damage phenomena. There-
ore, the onset of damage must have happened much before reaching
he maximum load point. Considering the low stiffness of flax fibers in
ompression and the poor fiber-matrix adhesion, this failure mode is a
atrix-driven failure. Thus, it is expected that the isotropic epoxy ma-
rix exhibits a linear behavior up to failure. Therefore, theoretically, the
omposite translaminar failure in compression should start in the end-
oint of the first linear part, after which, by the development of other
econdary material damages, the stiffness of the sample and the slope
f the curve reduce. As a result, the load at this point is considered as
he compressive translaminar failure load and is used to evaluate the 
𝐶𝑜𝑚𝑝 
𝐼𝐶 
of the composite, the result is presented in Table 6 . The litera-
ure data for 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
is very scattered, for instance, conducting 4-point
ending tests, Laffan et al. [61] measured value of 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
= 25 . 9 kJ/m 2 
or IM7/8552 CFRP, while Catalanotti et al. [30] reported 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
= 47 . 5
J/m 2 for the same material system and Pinho et al. [28] published
 
𝐶𝑜𝑚𝑝 
𝐼𝐶 
= 79 . 9 kJ/m 2 for another CFRP, both using CC specimens. There-
ore, the value in this range can be a good representative of the fracture
nergy of the composite. Nevertheless, the complex microstructure of
he NF composite and, consequently, its complex behavior increases the
ifficulty of recognizing the precise failure point and needs deeper anal-
sis. 
Fig. 9 shows that CC specimens experience much broader damage
one compared to CT specimens, also observed by Pinho et al. [28] .
owever, the onset of failure and propagation of the crack couldn’t
e recognized in the thermal images and the experimental heat source
elds. 
In a similar approach to CT tests, assuming 𝛽 = 0.50 and 𝛽 = 0.90
he data were processed to determine the translaminar fracture energy
n compression ( 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
), and the obtained values are given in Table 6 . As
xpected, the values are lower than those for CT tests, though they are
bviously too low, indicating that the IRT methodology is underestimat-
ng the fracture energy in compression for these composites. There is no
vailable literature data for 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
to be compared with the obtained val-
es; however, the proportion of the 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
to 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
for other composites
vidently shows that these the measured values by IFT do not represent
he 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
of the composite. Considering the presence of complex failure
odes in CC specimens, which is more complicated for NF composites,
t is not trivial to perform a root-cause-analysis for this issue; however,
ome hypotheses can be made. A previous study shows that the UD-
FREC experiences delamination damage in compression failure [56] ;
his may be the case for the cross-ply CC specimen. Therefore, the sur-
ace layer might have been delaminated before a translaminar failure
ccurs and then buckled in the out-of-plane direction so that the gener-
ted heat in the surface ply is not associated with a translaminar failure
nd could be the result of other failure modes, like buckling, produc-
ng much less heat. It could also be related to the microstructure of the
ax fibers so that, under compression loading, their internal structure
ollapses, with the fibers being compressed in themselves to generate re-
ersible energy, rather than failing to produce thermal energy. Finally,
he poor fiber-matrix adhesion could make the fibers ineffective in car-
ying the compression load; thus, the fracture energy could be mostly
elated to matrix failure in compression. This hypothesis is supported
y Mode-II interlaminar fracture energy of UD-FFREC, 𝐺 𝑑𝑒𝑙𝑎𝑚 
𝐼 𝐼 𝐶 
= 0 . 378
J/m 2 , measured in another study [58] , as their failure modes are sim-
lar, and the fracture energy values are close. 
In summary, using IRT and cross-ply laminates, valid values cannot
e determined for 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
of the UD-FFRECs. However, assuming that the
ailure starts at the end of the first linear part of the load-displacement
urve and using the ASTM D5045 standard, a reasonable value can be
chieved for 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
of the UD-FFRECs. 
. Conclusions 
This study has investigated the fracture behavior and evaluated the
racture toughness parameters of the UD-FFRECs under quasi-static ten-
ile and compressive loads. The existing ASTM E1922 standard test
ethod was employed to examine the fracture toughness of ECT speci-
ens in tension, and an already developed methodology based on IRT,
s well as ASTM D5045, were applied to study the fracture energy in
ension and compression respectively using CT and CC specimens. Af-
erward, combining the micrographs and the load-NMOD curves, the
racture behavior and the fracture mechanisms of the composite were
tudied. 
Applying the ASTM E1922 standard test method to determine the
ensile fracture toughness using UD laminates was impossible, and the
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 elf-similar translaminar crack growth of concern was not exhibited. A
ross-ply laminate was instead used to evaluate the fracture toughness
f the laminate and extract that of UD composite following an approach
hat was already used and proved valid in some earlier studies. Although
here are no published fracture property data for these composites for
omparison, the obtained values ( G IC = 15.71 kJ/m 2 and K IC = 14.27
Pa m 1/2 ) fit very well in the range of those of the similar NFPCs avail-
ble in the literature. 
Experimental tests using IRT were conducted, and employing the
eveloped program, the data were treated to determine the fracture
oughness of the composite in tensile and compressive loadings using CT
nd CC cross-ply composite specimens, respectively. An assumption of
= 0.5 and 𝛽 = 0.9 was made for the Taylor–Quinney coefficient based
n the existing values for similar materials. Compared to the standard
est results, CT specimens demonstrated proper adequacy for this pur-
ose; however, the results of CC tests were too low and thus unsatisfac-
ory. Employing this methodology to CT tests, the values of 𝐺 𝑇 𝑒𝑛 
𝐼𝐶 
= 19.88
nd 11.1 kJ/m 2 , respectively for 𝛽 = 0.5 and 𝛽 = 0.9, were obtained.
he results of IRT are consistent with and are covering those of the
STM E1922, showing that the real value of 𝛽 is between the two as-
umed values. Therefore, the application of the IRT method for evalu-
ting tensile translaminar fracture energy of UD-flax/epoxy composites
sing CT tests is validated; however, the accuracy of IRT for determin-
ng the compressive translaminar fracture energy using CC specimens is
ot proved. Instead, for CC tests it was concluded that using the max-
mum load of the initial linear load-displacement curve as the failure
oad and ASTM D5045 standard leads to a reasonable compressive frac-
ure energy 𝐺 𝐶𝑜𝑚𝑝 
𝐼𝐶 
= 9 . 84 kJ/m 2 . The fractography study reveals that the
rimary mechanisms activated in translaminar failure are fiber pull-out,
ber breakage, and fiber-matrix debonding. To conclude, a view of the
ranslaminar fracture behavior of the UD-FFRECs has been drawn, and
he translaminar fracture toughness parameters in the fiber direction
nd under tensile and compressive loadings are determined. These val-
es are the most reliable data ever obtained to be used in engineering
esign and numerical simulation studies. 
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